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INTRODUCTION 
Wave propagation in fluid-saturated porous materials presents very particular features 
like the appearance of a second compressional wave, the so-called slow compressional 
wave, in addition to the conventional P (or fast compressional) and the shear wave [1,2]. 
First experimental observation of the slow compressional wave was carried out by Plona in 
1980 in water-saturated porous ceramics at ultrasonic frequencies [3]. In 1983 Feng and 
Johnson predicted the existence of a new surface mode along a fluid/fluid-saturated porous 
solid interface, in addition to the well-known leaky-Rayleigh and true Stoneley modes [4,5]. 
Feng and Johnson introduced the so-called surface stiffness, T, as a parameter which 
describes the boundary conditions at the interface. For a value ofT=O the pores at the 
surface are considered open, whereas for a value ofT=oo they are considered to be closed. 
However, according to the theory this new surface mode appears only when closed pores 
boundary conditions prevail at the interface. This last restriction renders the observation of 
the new mode problematic, because the extreme difficult in closing the surface pores 
without clogging all the pores close to the surface (e.g. by painting). In 1992 Nagy observed 
experimental evidence of the slow surface wave [6]. Nagy demonstrated that capillary forces 
can extend an ideally thin membrane over the surface pores at the interface between a 
porous solid saturated with a wetting fluid (e.g. water or alcohol) and a non-wetting fluid 
(e.g. air). Under this conditions, experimental evidence ofa simple form of the new surface 
wave mode predicted by Feng and Johnson during alcohol saturation of a sintered glass 
beads specimen was obtained. However, due to problems inherent to the excitation of 
surface waves in fluid-saturated porous solids (e.g. extremely high attenuation, small 
propagation lengths, etc.) the results were not conclusive. In this work we will show that 
the experimental evidence of slow surface wave can be predicted by the analytical method of 
Feng and Johnson [5], if slight modifications are introduced into the calculation technique in 
order to account for some of the particular characteristics of the experiment. 
Review of Progress in Quantitative Nondatructive Evalulltion. Vol. 14 
Edited by D.O. Thompson and D.E. Chimenti. Plenum Press, New York, 1995 243 
ANALYTICAL PREDICTIONS 
The analytical method ofFeng and Johnson [4] can be applied to the case of surface 
waves propagating along the "free" (air loaded) surface of a sintered glass beads specimen 
saturated with alcohol. Figures 1 a and b show the different wave modes for completely open 
pore (T=O), and completely closed pore (T=oo) boundary conditions, respectively. Notice 
that for the completely open pores case there exist only one surface mode, the Rayleigh 
mode, whose velocity is bounded by those of the shear and slow bulk modes. In the case of 
completely close pore, the already mentioned slow surface mode appears with a velocity 
bounded by the velocity of sound in air, and that of the slow bulk velocity. These 
calculations can be extended to the general case of arbitrary surface stiffness. As shown in 
figure 2, at low values of the surface stiffness T, the Rayleigh mode is the only one present. 
As T increases, the slow surface wave mode suddenly appears at a value ofT:::::107 N/m3, 
where its velocity is the same as the slow bulk wave velocity. The velocity of this mode 
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Figure 1. Velocity of different wave modes in an alcohol-saturated porous glass beads 
specimen as a function offrame modules. a) Open pores (T=O), b) Closed pores (T=oo). 
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Figure 2, Surface waves velocities in an alcohol-saturated sintered glass beads porous 
specimen as function of surface stiffness, 
slightly decreases with increasing surface stiffness and remains practically unchanged for 
values of T larger than 108 N/m3 , The total change in the slow surface wave velocity is 
about 2,5%, The Rayleigh mode, on the other hand, increases its velocity around the same 
value of T::d 07 N/m3, and continues to grow slightly with increasing surface stiffness to 
finally plateau off after T:::d 08 N/m3 The total change in this case is about 2,6%, It is 
important to mention that the value of the surface stiffness at which the transition occurs, 
T=107 N/m3, has been predicted as the transition value between open and closed pores 
boundary conditions by Wu et aL when analyzing the reflection coefficient of a water/water-
saturated porous glass beads specimen interface at normal incidence [7]. 
EXPERIMENT AL STUDY OF SURF ACE W AYES 
The first experimental evidence of the existence of the slow surface wave was obtained 
by Nagy [6]. In this experiment the surface modes were excited by a vertically polarized 
shear transducer mounted at the edge of the specimen and driven by a tone-burst of three 
cycles at 100 kHz, The detection was achieved by measuring the normal component of the 
surface vibration by a laser interferometer at two locations separated by 10 mm along the 
propagation direction, Figure 3 shows the time and spatial averaged signals detected after 5 
h of saturation from the bottom of the specimen by methyl alcohoL During this saturation 
process a decrease in the velocity of the detected signal was observed, It dropped from 1240 
mls when the sample was completely dry to approximately 840 mls when the sample was 
completely saturated, 
According to the theoretical predictions, shown in figure 2, there must be two surface 
modes propagating along the surface of the porous solid when complete saturation is 
achieved, However, due to the fact that the experiment was performed at a relatively low 
frequency, in order to prevent a highly attenuated signal, the length of the tone-burst used to 
excite the transducer was longer than the difference in the time of arrival of the two surface 
modes for the particular propagation length used, Therefore, it was impossible to separate 
the two independent signals correspondent to the Rayleigh and slow surface modes, 
However, the signal observed must be a combination of the slow surface and Rayleigh 
modes and the apparent velocity of the signal should be the weighted average of the 
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Figure 3. Signal detected during saturation of a porous glass beads specimen with methyl 
alcohol. at a) 10 mm and b) 20 mm from the transmitter. (Taken from ref 6). 
velocities of the two components. It remains necessary, then, to corroborate whether the 
observed drop in the velocity of the signal was actually the result of a change in the 
"weight" of the two modes in the composite signal during the saturation process. 
SIMULA nON OF SURF ACE W AVE PROP AGA nON 
The 2-D space-time reflection Green's function, developed by Feng and Johnson [5] can 
be used to predict the time-dependent pressure response to an idealized modeling source for 
simulated experimental configurations. The formulation derived by Feng and Johnson is 
based on that developed by de Hoop and van der Hijden [8] for isotropic and homogeneous 
solids and the reader should refer to the original paper for details. Here, only a brief 
description of the procedure and the main result will be presented. 
The geometry of the problem is described in figure 4. The transmitter and receiver are 
located directly at the interface between the two media and they are considered to be an 
ideal line source and a ideal line receiver separated by a distance d. The axes along and 
normal to the interface, which is characterized by the surface stiffness T, are x and z, 
respectively. 
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Figure 4. Geometry used in the simulation of surface wave propagation along the "free" 
surface of an alcohol-saturated glass porous beads specimen. 
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The method consists in deriving the space-time pressure respond of the system formed 
by a fluid saturated porous solid loaded with a fluid (not necessarily the same saturating the 
porous solid) to an impulsive line source. The first step is to find solutions for the 
displacements in both media by writing the equations of motion in the porous solid and in 
the loading fluid in terms of Fourier-Laplace transforms respect to the time and to the 
coordinate x. Once the displacements in the two media have been found, they are plugged 
into the equations that describe the boundary conditions at the interface, which have been 
written in terms of the Fourier-Laplace transform as well (a good description of these 
equations as well as a clear physical interpretation can be found in reference 4). The 
boundary condition equations form a system whose solutions are the reflection and 
transmission coefficients for the interface. In particular, the reflection coefficient can be used 
to invert the Fourier-Laplace transform correspondent to the acoustic pressure reflected into 
the loading fluid. A byproduct of this inversion is the Green's function of the reflection 
coefficient, which is given by 
0 O<t <Tbw 
G~ = Im[ R~[p(t)] 1 27t(T:" - e) Tbw <t<Tbw (1), 
Re[ R~[p(t)] 1 
27t(e - T;w) Tbw<t<oo 
with R'r[p(t)] the reflection coefficient of the interface, p(t)the transformed variable, Tbw 
the fluid bulk wave arrival time, and T hw the solid faster bulk wave arrival time. This is the 
medullar result of the procedure since the singularities of the Green's function correspond to 
the positions of the surface modes in the time domain. Therefore by evaluating eq. (1) in the 
time domain, the impulse response of the system can be obtained. 
RESULTS AND DISCUSSION 
The direct application of this technique to the material combination studied 
experimentally produces a pressure response which contains, in addition to the singularities 
correspondent to the Rayleigh and slow surface modes, a third singularity corresponding to 
the arrival of an airborne wave which is obviously not observed experimentally due to the 
impedance mismatch between the loading fluid (air) and the transmitting transducer. The 
pressure response thus obtained is shown in figure 5. 
To adequate the analytical technique to the experimental conditions, it is enough to 
introduce a hypothetical rarefied fluid with an extremely low acoustic velocity in place of 
air. In this way the "spike" in the pressure response correspondent to the arrival of the 
airborne wave will be pushed away in the time scale, thus "cleaning" the calculated response 
of the system by leaving only the "spikes" correspondent to the surface modes. In fact, these 
are the only modes that contribute to the normal component of the displacement of the 
surface measured by the interferometer. 
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Figure 5. 2-D space-time reflection Green's function for an alcohol-saturated porous glass 
beads specimen. Obtained by direct application ofFeng and Johnson technique. 
In order to account for the variation in velocity of the signal it has been assumed that this 
is caused by attenuation of the Rayleigh mode. This assumption is not as arbitrary as it 
seems. Since the velocity of the composite signal actually decreases during saturation, it is 
logical to assume that the Rayleigh wave component of the signal, which has the higher 
velocity, becomes weaker as saturation proceeds. Therefore, when complete saturation is 
achieved, the slow surface mode component becomes dominant shifting the velocity of the 
signal to a value closer to that of the slow surface wave. It is sufficient, then, to introduce an 
excess attenuation for the Rayleigh mode in the modified calculation of the impulse response 
of the system, as shown in figure 6, and to convolve it with a tone-burst signal similar to the 
one used to drive the transmitter in the actual experiment. In this way, wave forms similar to 
those detected experimentally can be obtained. As an example, some wave forms obtained 
by the technique described above are shown in figure 7. 
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Figure 6. 2-D space-time reflection Green's function for an alcohol-saturated porous glass 
beads specimen. Obtained by application of modifying Feng and Johnson technique. a) 
Source-receiver distance 10 mm. b) Source-receiver distance 20 mm. 
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Figure 7. Simulated rf signals in a alcohol-saturated glass beads porous specimen. a) 
Source-receiver distance 10 mm. b) Source-receiver distance 20 mm. 
The final step in the simulation is to vary the excess attenuation attributed to the 
Rayleigh mode and to evaluate the change in velocity of the signals caused by the changing 
attenuation. The velocity of the signals can be easily obtained by monitoring the change on 
the phase at the carrier frequency. Figure 8 shows the changes in velocity of the signals as a 
function of the Rayleigh wave excess attenuation. 
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Figure 8. Apparent velocity of the simulated signal as function of the excess attenuation 
attributed to the Rayleigh mode. 
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A comparison between figures 7 and 3 makes evident the fact that the simulated signals 
are very similar to the ones obtained experimentally. The results shown in figure 8 are very 
close to the behavior observed as saturation was taking place (reference 6, figure 4 (a» and 
indicates a decrease in the velocity of the signal from the Rayleigh wave velocity, 1240 mis, 
to 840 mls (60 % of the shear wave velocity). Obviously in the case of the simulation the 
change in velocity occurs due to an increase in the Rayleigh mode excess attenuation. 
However, if it is assumed that the excess attenuation increases with saturation then the 
increase in excess attenuation can be visualized as a measure of the saturation process. It is 
important to point out that the excess attenuation attributed to the Rayleigh mode is only 
the difference in attenuation between the two surface modes. In order to induce a change in 
velocity of approximately 30% of the shear velocity it is necessary to increase the excess 
attenuation by an order of magnitude, from 0.01 to 0.1 dB/mm, while a similar change 
above the latter value causes almost no change. 
CONCLUSIONS 
In conclusion, the 2-D space-time reflection Green's function can be used to simulate 
the surface wave propagation along the "free" (air loaded) surface of an alcohol-saturated 
glass beads porous solid, when a rarefied fluid with extremely low acoustic velocity in 
introduced in place of air. This simulation has shown that an excess attenuation attributed to 
the Rayleigh mode can shift the apparent velocity of the signal to a value closer to that of 
the slow surface mode. In order to drop the apparent velocity of the signal to 840 mls 
(observed experimentally after 5 hr. of saturation) our calculations predict that it is 
necessary to have an excess attenuation of 0.074 dB/mm for the Rayleigh mode. 
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